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ABSTRACT

The Picosecond Laséilectron InterAction for the Dynamic Evaluation of Structures (PLEIADES) facility, is a unique,
novel, tunable (1200 keV) ultrafast (psfs), hard xray source that greatly extends the parameter range reached by
existing 3° generation sources, both in terms efay energy range, pulse duration, and peak brightness at high energies.
First light was observed at 70 keV eaity 2003, and the experimental data agrees with 3D codes developed at LLNL.
The xrays are generated by the interaction of a 50 fs Fodr@rsformlimited laser pulse produced by the Filass
FALCON CPA laser and a highly focused, relativistic {200 Me\), high brightness (1 nC, 0:8 ps, 5 mm.mrad, 0.2%
energy spread) photelectron bunch. The resultingray brightness is expected to exceed®ygh/mnf/s/mrad/0.1%

BW. The beam is weltollimated (10 mrad divergence over the full spectrum, 1 mrad &ingle color), and the source

is a unigue tool for timegesolved dynamic measurements in matter, including-Highaterials.

Keywords: Hard xray source, Thomson scattering! generation light sources, photefectron beam interaction

1. INTRODUCTION

The development of ultrashort (subpicosecond), higlightness hard xay sources is an ongoing effort of
many groups in recent years with various approaches, including (a)shisg laser generated-&pha sources, (b)
electron beam slicing in synchrotrong) freeelectron lasers and (d) relativistic Thomson scattering (Fig. 1). With a
longer perspective, an enormous effort is also being invested in to a developmentaifesb4” generation xay
sources. For example, free electron lasers operating i the.5nm wavelength range have been proposed for the
Stanford Linear Accelerator Center in the USA (operational in 2008) and DESY in Germany (full operation in 2011).
For these installations, an unprecedented brightness and associated fluence (upcho?B@s predicted in pulses
<300fs with tunable photon energy between 0.1 and 1 A.

The highbrightness, hard -xay sources are vital to reach important frontiers in physics, condensed matter
research, chemistry and biology. Namely, their high peaghbness and atomic scale pulse duration will enable single
shot diffraction experiments (or smlled “lensless imaging”). Such experiments bring important insights in atomic
motiondriven fundamental processes, such as chemical reactions, phase transititem shock in materials, surface
processes and atomic scale imaging of biological cells on a timescale before radiative damage would degrade the
sample. Current studies rely widely on femtosecond optical lasers. The optical pulses are, howevesdraspictbing
high electronic shells only and hence cannot be successfully used for atomic structure studies in most matayials. X
that interact with core electrons provide a more suitable tool for atomic structure studies. ClirgemteBation soues,
such as synchrotron sources with ~3@®long pulses would not allow for fast probing on atomic vibrational period time
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scales (100 fs). Although several successful diffraction
experiments have been carried out recently using Kources,
e.g. [1}H4] or early Thomson sources [5], the research is still
hindered by the absence of a suitable intense ultrafast source.

With the aim to develop applications in solid state
physics, such as shoakaveinduced phase transitions in
materials, including higlz metals, and imaging of biological
samples (e.g. proteins) at LLNL, we have developed a tunable
(10-200 keV), ultrafast (p$s), hard xray source that greatly
extends the parameter scale reached by existihgéheration
sources, both in terms ofpay enegy range, pulse duration, and ©
peak brightness at high energies. Our PLEIADES (Picosecond%
LaserElectron InterAction for the Dynamic Evaluation of
Structures) source is based on relativistic Thomson scattering®]
(sometimes referred to also as inverse Compmoattering). In
this type of source, the hardrays are generated by scattering a %
high-power, ultrashort laser from a beam of relativistic
electrons. The scattered photons are relativistically upshifted i
energy into the hard-ray range as
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where h is the Planck constant.,zandv s, represent the peak
frequency of the scattered-ray photons and original laser
photons frequency, respectively, is the angle between the
electron and the laser beams, arid the relatvistic factor
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characterizing the ratio of the total electron energy, d&d the
rest mass electron energy.

Another, perhaps clearer physical picture of theay
generation is to consider the laser pulse as being an “undulator
for the propagating electrons. The undulator length and hence the
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x-ray energy is then given by the laser wavelength as seen by the Figure 1. The PLEIADES source is currently
electrons, i.e. relativisticly contracted. By transforming the one of the brightest hardpay sources

wavelength of the emitted-says back into the laboratoryoe
ordinate system, one obtains the same formula for the scattered
photon energy as by the scattering description [6].

The xray pulses are generated in a narrow cone (with an angle ¢f ifilthe direction of the electron beam
propagation, and the pulskiration is limited by the transit time of the laser pulse through the electron bunch-Bye x

output is defined by the Thomson scattering cresstion
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where g is the classical electron radius. The number-oax photongroduced, Nays is given by

N eV

~ Laser ‘e o z'Laser
x-rays ~ r.2 + r2 T
Laser e Te

N

where N is the number of electrons. The laser beam and electron beam diametqrg.aaed ¢, respectively, and the
electron beam and laser pulse durationstgre ,ses respectively.

In practice, two interaction geometries are currently usually employed:

(&) Thomson scattering under 9interaction (the laser beam is perpendicular to the electron beam)1[3]]
[21] enables minimization of the interaction interval of the laser pulse athesslectron bunch, but poses
severe challenges on the timing and spatial overlap between the electron bunch and the laser pulse.

(b) Scattering in a headn geometry [20], [21], which results typically in a few picosecond pulses with
comparatively higher-xay energy (as-tosp = 2) and xray yields.

Relativistic Thomson scattering has been studied in the astrophysical context since the 1940'’s [7]. Following
these works, a laboratory Thomson scattering gamma source was first proposed in early 60’sg8qri9fter the first
demonstration of a laser. In 1989, a Thomson source was proposed again, this time based on considerations on an
“electromagnetic undulator” [10] and was theoretically studied by several author$1B]1]The first subpicosecond
hardx-ray production by relativistic Thomson scattering was demonstrated in 1996 by Schoenlein, Letalaaisthe
Lawrence Berkeley National Laboratory [1[]9]. They demonstrated ~5 x 1bard xray photons (or 240 pJ) at 30 keV
in 300 fs using 6aMJ, 1®-fs (FWHM) laser pulses interacting with 28 (FWHM), ~1.3nC electron bunches in a 90
deg geometry. Subsequently, several groups demonstrated a Thomson source with similar results [20], [21]. The early
experiments enabled the demonstration of a pumpeudiffraction experiment, where a sample of InSb was heated by a
laser and probed by the Thomson source [5]. A thermal expansion of the sample was observed. The-fiayitiuakx
however, required averaging over several thousand shots for each time step

Our experimental effort over the last several years has concentrated on a development of a reliable, high
brightness, tunable, hasdray source. The PLEIADES source targeted peafyoutputs of up to 10photons per pulse
(i.e. an improvement by 4.6rders of magnitude over existing Thomson sources) making it an ideal source for single
shot diffraction experiments. In this proceeding we report on our first light results with thedmegelometry.

2. EXPERIMENTAL SET UP
100-MEV LINEAR ELECT RON ACCELERATOR

For the Thomson scattering source experiments, we upgraded and customized an existing electron linear accelerator
(linac) at LLNL [22]. Specifically, three key elements for the Thomson source were recently implemented:

* A photoinjector that largglimproves the beam quality and allows control of the electron bunch production in a
linac by a laser

» Electron beam focusing, and

» Electron beam alignment with the interacting laser

The radiefrequency (RF) photeathode electron injector [23] producesigh-brightness, lowemittance electron
beam (where emittance, the product of the width and the transverse velocity spread of the beam, characterizes the beam
quality). A pulse of Shand (2.8545 GHz) RF input with-MW peak power and -§is pulse length pruces a peak
standing wave electric field of 100 MV/m that accelerates the electrons to 5 MeV in a distance shorter than 10 cm.
Control of timing the electron bunch generation, its charge, and its duration is provided by the Photoinjector Laser
System (PL$ A 266-nm, 250uJ laser pulse is focused to eé2dmm spot on a copper photathode near the RF field



peak. The electrons are produced with a quantum efficiency of ~2gldxtrons/photon and the electron bunch charge
reaches ~hC with pulse lengths adeveral picoseconds corresponding to a combined effect of the laser pulse duration,
longitudinal emittance and accelerating voltage. Focusing solenoids are employed to preserve the transverse emittance
[24] of the electron beam immediately off the cathade to help match the electron beam into the next accelerating
sections, where the pigccelerated electron bunch from the photoinjector is accelerated in 4 SLAC type linac sections
[22]. The linac in this configuration provides variable electron energpuat from 40100 MeV.
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Figure 2: Interaction region section of the linac for PLEIADES harday source.
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Chisq§ 17518815 Bk focusing equivalent to an f15 lens in optics.
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Additionally, two crossoriented dipole magnets

help to steer the beam into this magnetic lens and
precisely align the beam with the imgeting laser
beam. After the interaction with photons, the
electron beam is deflected by a-8e@gree bend
dipole magnet and hence separated from the
generated xays. Finally, the electron beam is
absorbed in a Cu electron dump that is calibrated
and prowdes a measure of the electron bunch
electric charge. The unwanted parasitierays
generated in the dump are properly shielded by a

ol e L 10-cm-thick lead enclosure.
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Fig. 3) show that with our set of focusing magnets, the present electron beam can be focused dowmntor 778. (i.e.
~160 um FWHM). Several linac modifications currently being implemented combined with a Hes ghaping of the
photacathode laser driver are expected to reduce the emittance to ~Bradh which should enable the targeted

maximum focus of 10 pm r.m.s.

The upgraded PLEIADES linac provides 10Hz-p$long electron bunches of 250 pC (1.6 X #ctrons) in
the interaction region, with an energy tunable from 20 to 100 MeV. The generated electron bunches can be focused

down to ~ 70 pum r.m.s at the interaction point.

TERRAWATT FALCON LAS ER AND LINAC PHOTOIN JECTOR LASER SYSTEMS
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Figure 4: A scheme of dual beam Ti:Sapphire laser system for the PLEIADES experiment. The radio
frequency generator acts as a master clock both for the laser oscillator and the Linac klystrons, which
enables a precise synchronization between the linac and the lasnsy$te electron bunches generation

in linac photoinjector system is controlled by the Photoinjector Laser System (PLS). The PLS is seeded
from Falcon, which enables a precise temporal overlap between the electron bunches and Falcon laser

pulses at the imraction point.



We have developed a dual laser system (Fig. 4), comprised of (a) terawatt infrared Falcon laser for the Thomson
interaction with the electron beam and (b) a UV Photoinjector Laser System (PLS) that controls the electron bunch
generationn the linac. Both lasers are interconnected, which enables mutual synchronization of an electron bunch and a
Falcon pulse at the interaction point and hence simplifies their overlap in time.

The Falcon laserdriver [25] is a Titaniuradoped Sapphire CPA stem that produces aJoule uncompressed
pulse. The source of the pulses is a commercial #&rsmodelocked Ti:Sapphire oscillator. The oscillator produces an
81 MHz pulse train with ~40 nm of pulse bandwidth. The pulse repetition frequency is de¢erimrthe cavity length
and controlled using a mirror with combined picomotor and piezoelectric transducer adjustment. The 25 fs laser
oscillator pulse is stretched by a factor of ~20,000 in a compact grating stretcher. The reflective optic stretcher
incomorates a large 148frooves/mm grating plus a spherical and large flat mirror. At the output of the stretcher, the
600-ps pulse is split: one portion seeds the regenerative amplifier for the Falcon laser system; the remaining portion of
the pulse travelghrough a 5@meter long, singlenode, polarizatiomaintaining fiber and seeds the regenerative
amplifier at the PLS, which ensures synchronization between both lasers.

After amplification in a regenerative and twepass amplifiers, the Falcon laser mifsropagates ~40 meters to
a vacuum grating compressor located in the Linac underground cave, where the p0i3e is compressed to ~50 fs and
then propagates another 20 meters to the interaction region with the electron beam. In order to ensurelya setaile
and precise alignment and minimize the beam’s spatial jitter we use afocal telescopes to relay the beam from the output
of the last amplifier to the compressor. In addition, a set of alignment cameras and remotely controlled crosswire
fiducials as well as automated, clos&wbp pointing and centering controls are used to maintain alignment. The total
transmission of this transport from the last amplifier output to the interaction region (including the compression in the
grating double pass comgssor) is 26%. Near the interaction region, the Falcon beam is focused by-axisof80
parabola and steered into the interaction cube by artf2 (12.7#mm) thick fusedsilica (SiQ) ~40° mirror that is
reasonably transparent for therays at the opmting energy (670 keV; ~40%). This is an important consideration in
the heaebn interaction geometry, because the laser photorshiffed in energy to xays are baclscattered and can
therefore be detected or utilized for applications only after passiirough this mirror (Fig. 5). In the interaction
chamber, the Falcon laser provides 300 mJ i@00Gnm pulses at 10 Hz.

ThePLS laseris seeded by the Falcon oscillator. After amplification in regenerative grakd amplifiers, the
infrared 90mJ beam is upcollimated and sent to a grating compressor for pulse compression and frequency tripling.
The resulting UV beam is then relayed ~50 meters to the linac’s ptaitmode by 3 transport 1:1 telescopes. The
measured transmission for the UV trangper~70%. The PLS can hence provide ~350 266nm Gaussian pulses at
10 Hz with variable duration from ~150 fs 10 ps, with the standard operation at ~5 ps FWHM. The PLS pulse duration
at the linac photecathode controls both the repetition rate of &ies bunch production and bunch length (duration).

For a successful operation of the Thomson scattering source, it is vital that both the dual laseasydteat
klystrons be synchronized. Therefore, in our experiment, an RF crystal oscillator atie asaster clock (phase
reference) for the Falcon laser. The self mdagked Falcon Ti:sapphire oscillator produces an RF signal that is then
frequency multiplied to provide the master clock for the RF system. The linac RF is synchronized with the laser
oscillator, while the electron production at the photdhode is controlled by the PLS laser seeded from the Falcon,
synchronizing the sources for both the photon and electron pulses. Moreover, in order to overlap in time the two
synchronized beams, thréeming adjustment procedures were employed for the Falcon laser.

» For gross adjustments we select a different pulse from the fumtted oscillator to seed the Falcon
and PLS regenerative amplifiers. The precision of this method is limited to ~12 nsehgigtance
between two consecutive pulses (as defined by the length of the amplifier cavity).

» For adjustments down to ~100 ps, arizterlong manual delay line in the compressor is employed.

* A fine adjustment is achieved under vacuum by a small motorstade equipped with a Newport
850G servemotor with the precision of ~40 um (0.13 ps), which is well below the jitter between laser
and electron beams.



The procedure enables us to compensate for a large total path difference between the Falcon laaed Bdz8inac
systems, which proved to be equivalent to ~230 ns.

X-RAY DIAGNOSTICS

The generated-xays are detected by a variety of diagnostics, including aayXCCD, CsI(TI) scintillator coupled to a
photodiode, xray photodiode and Ge/Li detectdrhe xray CCD is the primary diagnostics for the generated Thomson
x-rays. The detector consists of a 1di thick Csl(Tl) scintillator that is coupled by a fiber optics bundle to an optical
Princeton Instruments 16 bit 1340x1300 pixel CCD, with antggnfication of 4:1. The chip size of 2.54x2.%4n then

results in as large a field of view as 10x10 cm. The scintillator design, protected byran®.Be filter, provides a

photon detection quantum efficiency of 0.4 at 60 keV (i.e., 40 % of these photomadnteth the scintillator). The x

ray CCD was calibrated by an Am 241 radioactive source emitting at 59.5 keV, while the source itself was calibrated by

a Ge/Li detector. In our application, the CCD can be operated for imaging and photon countinginhagfireg regime,

the CCD detects an intenseray signal and provides data on beam shape, beam intensity and spatial profile. For small
x-ray doses (as achieved by proper filtering), when we can assume that each pixel detects no more than a single event
and photon count, we can numerically evaluate this data to obtain spectral information ofrdle. X he pixel value

here corresponds to the energy of a photon detected and hence evaluating a histogram of pixel value count results in the
spectrum of the beam

Since the fastest Xay CCD readout time is 1.7 s, which might make trying to detect thays while
temporally scanning the delay between the beams difficult, we also have installed two diodes to aid in the initial
detection of the xays.The advardge of this method consists in the réiahe response of these detectors, which can
greatly simplify the finetuning of the beams. Both diodes are mounted in an optically tight enclosure on the front
surface of the xay CCD. One PINFDO7 optical photodiod, which has a 1-/Bs rise time, is used with a CsI(TI)
scintillator (as is also done in theray CCD). The other diode is an AXUY¥00 XUV silicon photodiode. The AXUV
diode is originally designed for the energy range ofIDDO0 eV, which is on the lowamnd of the energy expected from
the Thomson scattering experiments. The quantum efficiency (in the sense of electrons seen by external circuit per
photon) at 10 keV is approximately 2000. To obtain an accurate wavelength measurement-tdythewe alsglan to
field a Ge/Li detector. The Ge/Li detector is a singleoton detector with quantum efficiency for the energies of interest
that is close to 100%. The spectral information will also be evaluated by a radiography method using several targets with
arange of highZz materials.

3. X-RAY PRODUCTION

The electron and the Falcon laser beams interact in an interaction cube to produce the Thoms(Fig. 5). The
diameter of the focused laser beam is approximately 30 um (FWHM) and the electron bedeehaocused down to

70 um r.m.s. The two beams must be overlapped at the interaction point with a precision better than ~60 pum in the x
and ydirections. In the airection (direction of the beams) the focused laser Rayleigh length is of the ordee ofim,

as is the effective “Rayleigh range” (or beta function) of the electron beam. This puts additional constraints both on
spatial and temporal overlap of both beams. For typical laser pulsesfefdaration and electron bunches variable from

300 fs b several ps, the overlap window is on the order of a few ps. The overlap and correct timing is crucial for the
Thomson xray generation.

Both the spatial and temporal overlap of the focused electron and laser beams is carried out by means of a
pinhole and a 453 polished aluminum cube placed in the interaction area. A series of focusing quadrupoles enables
movement of the best focus of the electron beam itrBrange along the-axis, while the laser beam can easily be fine
aligned in the x and y-direcions using the final steering mirror. As a reference point for a rough alignment, the pinhole
can be used. For fine alignment and timing, the beams are focused on the corner of the alignment cube (Fig. 6). The laser
beam reflects directly to the diagnostizone, while the electron beam interacts with the aluminum and produces Optical
Transition Radiation (OTR). The OTR pulse is generated with a divergence of ~10 mrad and energy1 80p40n the
direction as if reflected by the cube surface. The broadt@TR ranges from 300 nm to ~900 nm. A standard COHU



optical CCD camera then images the tip of the alignment cube and hence guarantees the required spatial overlap of both
beams.
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Figure 5: The Thomson PLEIADES source scheme in the heaéhteraction gemetry. The hard xays

are generated by the interaction of the short pulse Falcon laser with a focused relativistic electron beam.
The xrays are produced by the relativistic Thomson scattering effect in the direction of the electron
beam and, after pasgjrthrough a laser steering mirror, detected by various diagnostics, including an
optical CCD coupled to a Csl (TI) scintillator, a Ge/Li detector and -aiaydiode.

Proper timing of the electron and laser beams is set and monitored by several diagimadtidang an electron
beam current picloff, infrared fast photodiodes for the Falcon laser and OTR, ultraviolet ptlioie, Imacon 500
Series Streak camera, and an LLNEREX ultrafast streak camera with sipls maximal resolution.

Rough timing (~100ps) is achieved by a combination the first three diagnostics, while the streak cameras
ensure the final tuning down to ~1 ps. To measure the arrival time of the electron bunch for rough overlap with the laser
pulse, we use an electrdream current pickoffThe electron beam propagating through the interaction area generates a
short pulse magnetic field, which produces current in the twodi® junctions of the pickoff. The generated signal is
then detected by an oscilloscope as ~150 ps FWHM pulses. Biaaitaracy is obtained for the arrival time of the laser
by using a fast infrared UHS 016 photodiode. In combination with the electron bearofidkprovides a rough timing
of the experiment. A UV MRD 500 diode is an additional diagnostic that enahéegstimation of the electron beam
arrival at the interaction zone by detecting the arrival of the UV beam at the qghthhode and hence timing of the
electron beam. For fine timing (~2 ps) a standard Imacon 500 Series streak camera is employed. difsisusaman
S20 photecathode with a quantum efficiency greater than 5% over the visible wavelengths, which makes simultaneous
streaking of the OTR and drive laser light possible. The highest sweep speed achievable with this camera is 18.7 ps/mm.
When couped with the spacing of the channels in the microchannel plate intensifier, and the size of the entrance slit, it
gives a peak resolution of-2 ps. This makes the camera suitable for the timing between the laser and electron beam.



The measurement of théter between the Falcon laser and the electron beam in the interaction area carried out by the
streak camera proved an excellent synchronization of all systems with a jitter below the streak camera resolution, ie.
<2ps.

Laser Beam _
Alignment

Cube
<«
<€

CCD Electron Bear Streak Camera

—_

Figure 6: A scheme of the spatitemporal overlap of the electron beam and the Falcon laser. An aluminum alignment
cube relays the laser light and the optical transition radiation generated by the electron beam subsequently to the optical
CCD camera (spatial overlap) and an optical streak camera (which serves to time the beams). Multiple spots in the CCD
image result from spatial modulation of the laser beam in our initial experiments.

For even higher resolution temporal measurements (tilabe important in 90 geometry), a TREX streak
camera, developed recently at the LLNL can be used [26]. It is a versatile instrument with a wide operating wavelength
range from IR at 800 nm to-rays up to ~2 keV. A temporal resolution of up to 3@thias been achieved with this streak
camera. For our application, the streak camera is equipped with a polypropylene/golaatiatde. The high resolution
can be used for the finrining of the electron and laser beam overlap, measuring the electroh langth using OTR
light and for improving the resolution of the jitter between the Falcon laser pulse and the electron bunch. The high
resolution of the streak camera and relatively small temporal window of ~60 ps set high requirements on the sthbility an
precision of our trigger. For this purpose a special triggering systecombination of a fast Ga:As FET and avalanche
transistors switchwas developed that takes the optical synchronizing signal from the regenerative amplifier of the PLS
laser. The figger jitter with this triggering system is as low as <10 ps.

FIRST LIGHT RESULTS

First light of the PLEIADES Thomson-ray source was demonstrated in January 2003. Figure 7 shows the measured
beam profile taken with the-kay CCD camera. In this padilar case, the electron beam energy was 54 MeV, and the
bunch charge was about 250 pC, while the Falcon laser energy delivered at the interaction was, due to technical
problems, approximately only 40 mJ in the interacting focal spot. The image is irgdgraer 1200 shots. The average



photon count per shot of ~6 x 1Qor 700 pJ/pulse) was observed, with a peak photon energy of 70 keV. The measured
FWHM divergence of the beam is 14 mrad.

Counts

Figure 7: First PLEIADES light. Generation of hardrays & 70 keV with 6 x 1¢ photons per pulse as observed by the
x-ray CCD camera and radiograph of a diode aluminum box. The measured data correspond well to the theoretical
model (7b). The intensity profile (taken over the white line in Fig. 7a) is fitted tbemretical curve (corrected for the

mirror absorption)
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Figure 8: Calculated oraxis spectrum of the Thomson source experiment as fitted from the experimental data.

Our x-ray dose equals the highest photon output demonsteatéar [17], [21]. The theoretical intensity profile (Fig. 7b)



agrees well with the measured profile. The theoretical model accounts for the broadening effects froeasoeed
beam emittance and the narrowing effects derived from the spectral deperdaheetransmission coefficient of the
laser turning mirror.

In this model, the fitted parameters allow for a calculation of main parameters of the Thomson source. Hence,
we determined that the source spectrum (Fig. 8) peaks at 70 keV (0.18 A) with Fbf-d keV, i.e. the bandwidth
A of ~11%.

5. PERSPECTIVES

Dramatic improvements of the per shotay dose are expected after optimizing the electron beam and Falcon laser
parameters; specifically, the electron beam final focus optics, reductionecfr@h beam emittance through the
optimization of both the photoathode driver laser uniformity and the electron beam transport, and maximization of the
Falcon pump laser energy delivered to the interaction region. These improvements should allowréadittagion of

final focus spot sizes as small as 10 um rms, and the production of uf-idi%-ray photons per shot (Tab. 1).

Parameter LBL [17] LLNL PLEIADES | X-ray output
(projected values | Enhancemel
Laser energy 80 mJ 300 mJ 4x
Electron current 50 A 1000 A 20x
Source radius 50 um 10 um 25x
Source divergence| 10 mrad 5 mrad 4x
X-ray bandwidth 15% 1% 4x
Total improvement 3x10'

Table 1. Projected key parameters of the PLEIADES source compared to the LBL Thomson scattering source
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